The use of polycrystalline ceramics in engineering applications requires a better knowledge of microstructural response than exists at present. The continuum response of the alumina AD995 to shock loading has been extensively investigated. This work aims to connect microstructural response with continuum observations. Over recent years, workers have reported failure in various polycrystalline ceramics occurring behind a propagating front running behind the shock. These phenomena have been investigated using embedded stress sensors and a recovery technique that has allowed the observation of the microstructure above and below the Hugoniot elastic limit ͑HEL͒. These results are brought together here to explain the observed behavior. The failure front velocity is found to change with the applied stress, in particular, it slows markedly as the HEL is exceeded. Further, the curvature of histories recorded by sensors may be related to the observed response. The evidence in the microstructure shows that the response below HEL is dominated by the intergranular failure, while above it by plasticity in grains ͑including twinning͒, which alters the deformation and failure characteristics. These microstructural features are combined with the continuum observations to review the response of the alumina.
I. INTRODUCTION
Insights in understanding the response of brittle materials to high-rate loading have not been reflected in advances in constitutive models for them. This results from an incomplete knowledge of operating mechanisms that consequently are not reflected in global models. To model heterogeneous materials for numerical packages requires macroscale description of behavior based on continuum theory. Other works have addressed atomic length scales using molecular dynamics methods.
1,2 However, these approaches cannot completely describe processes associated with operating mechanisms in heterogeneous media where the phases interact at a scale of the order of nanometers to micrometers. For these materials, the mesoscale has not been extensively studied. However, it remains the key link that bridges the continuum to the atomistic length scales. The dynamic response of strong ceramics to shock wave loading has been addressed by the shock physics community over the past 30 years. In that time much has been learnt but vital questions are still unresolved. 3 These materials are characterized by very high Hugoniot elastic limits ͑6-20 GPa͒ and extremely low spall strengths ͑0.3-0.6 GPa͒. One feature of their response is that preexisting defects are activated and new damage is introduced, even when shocked to relatively low stresses ͓about half the Hugoniot elastic limit ͑HEL͔͒. Various failure criteria, which are used in numerical codes, have been discussed in an attempt to account for their advantages and discrepancies. A summary of relevant properties includes ͑i͒ the high HEL of shock loaded ceramics, ͑ii͒ the observation that the shear strength increases with shock pressure, ͑iii͒ that the general shapes of the measured stress and particle velocity histories of these materials show a rapid elastic rise, followed by a convex curved region when loaded to about 1.5 times the HEL, and ͑iv͒ at higher speeds this convex region turns back to give a very rapid rise at higher amplitudes.
This work will focus upon the response of alumina to shock loading. A full microstructural and experimental program has been conducted and reported for a series of wellpedigreed materials, and these results and insights will be expanded upon in this work. [4] [5] [6] [7] [8] In particular, this paper will address compression loading with the hope of explaining the experimental observations. One of these is the complex wave shape observed as a step-loading wave at the contact face that disperses in plate impact experiments.
The mesoscale modeling approach has been adopted for materials where localization allows small regions to achieve critical thresholds that are not reached using continuum numerical descriptions. One field where this is of great importance is the triggering of reaction at local, high temperature points within an energetic material. In this case, ignition may quickly progress to a violent reaction with consequent safety implications. Recent advance in constructing more appli-cable continuum models has used mesoscale simulation of heterogeneous materials represented as ordered and disordered arrays of crystal grains. [9] [10] [11] Numerical simulations reveal fluctuating stress states and localizations of energy that evolve in three-dimensional analysis with appropriate equation of state and elastic-plastic material strength descriptions. To create three-dimensional, randomly oriented particle configurations and high packing density, these authors used Monte Carlo and molecular dynamics methods. 12, 13 In this work, real microstructures will be read directly into the code as input files for simulation to connect with continuum measurements on the same materials.
At present, engineering models for ceramics are generally empirical. The simplest descriptions are plasticity-based adaptations of metals' models. 14, 15 The most widely used continuum extension of elastoplastic models is the JohnsonHolmquist description that has evolved into a series of forms to cover a variety of responses. [16] [17] [18] [19] In these models a material element, brought to a yield envelope, is then automatically moved to the failure curve which lies below the envelope ͑decreased strength͒ by a certain factor. A second route is to explicitly assume that fracture mechanics operates on the materials and consider failure criteria similar to that of Griffith for brittle solids. [20] [21] [22] In recent years, advance in numerical treatment has had some success in overcoming the weaknesses of regular, polygonal meshes. Techniques such as smooth particle hydrodynamics have allowed arbitrary material failure that can better handle localized phenomena ͑such as fracture͒ than continuum codes. 23, 24 Future developments such as the method of cells offer the promise of relating numerical schemes to necessary physical length scales. 25 To connect understanding at the mesoscale to response at the continuum requires a linking of calculations scaled up with a homogenization scheme to observations from the experiment. 26 This paper will attempt to consider material, analytical, and numerical simulations with a view to tackling some of these effects upon the compression of alumina by shock.
II. MATERIAL
Sapphire is a rhombohedral ͑space group R3c͒ crystal. [27] [28] [29] A consequence of this form is that fewer slip systems are available than would be the case, for instance, in a hexagonal metal. A representation of the unit cell is presented in Fig. 1 . Pyramidal and basal slips will allow a homogeneous deformation of alumina polycrystals. Further, two other systems will also satisfy the Von Mises criterion. However, the critically resolved shear stress necessary to achieve slip on these additional systems is appreciably higher than that needed to slip on the basal plane. 28 This will result in sapphire behaving as an anisotropic material, with material properties ͑including wave speeds͒ dependent on the relation of the loading and the crystallographic orientations. 28, 29 The elastic properties reflect this asymmetry with a range of moduli and Poisson's ratios according to the loading direction. 27, 28 According to the general form of Hooke's law,
where C is a 6ϫ 6 elastic constant matrix with elements ͑c ij ͒ in Voigt's notation. Thus, in a polycrystalline alumina, basal slip will always be initiated first, unless the slip planes are oriented so that the resolved shear stress on the basal plane is small, and this will lead to stress concentrations which will result in intergranular cracking. For this to be avoided, pyramidal slip must be activated by high shock temperatures or high confining pressures. 28 Further, material parameters are temperature dependent even in polycrystalline materials. 30 At the stress levels considered here ͑up to around twice the Hugoniot elastic limit͒, shock temperatures will be low compared with the melting point of sapphire and the shock pressure will be the principal means available to suppress microcracking.
There have been a series of studies where sapphire has been shocked down to different crystallographic directions in order to observe effects on its strength. 31, 32 The most complete of these is that by Graham and Brooks. 33 They observed a variation of HEL in the c, a, and r directions of 21, 12, and 15 GPa, respectively, although they had some scatter in their data. Recently, Reinhart et al. determined the HEL down the c axis to be 22 GPa. 32 Figure 2͑a͒ shows a scanning electron microscopy ͑SEM͒ of the AD995 polycrystalline alumina. The grains are well equiaxed as might be expected given the high pressure and temperature manufacturing technique. The primary features noticeable in the micrograph are the voids visible throughout the volume. They can be classified into three groups according to their location. The first is found within grains themselves. These are spherical and have been attributed to inclusions introduced during mixing. The second group is triangular and results from incomplete bonding during sintering. These occur when incomplete bonding occurs at the triple points during hot pressing. The final set is unbonded boundaries between the grains resulting from an absence of glass binder between some crystals. Some of these flaws show evidence of dislocation networks around them in the material before impact. 34 Part ͑b͒ of the figure shows its digitized image used later for simulation. The grains are in- dividually shaded and are bound together by the glass phase. The voids are introduced as they appear, and although they may correspond to pull out during sample preparation, their presence is valuable in the simulation to look at the effect of cavities in the resulting flow. Figure 3 shows the grain and void statistics for the alumina. Digitization of the image allows the area of each grain representation to be calculated for the hundred or so in the reconstruction. Clearly, the grains are polygonal so that each can be assigned an average diameter by regarding each as a circle with the mapped area and reducing this to a grain size. Figure 3͑a͒ shows the distribution of grain diameters in the sample image, which is regarded as large enough to be typical of the continuum. The average grain size is found at ϳ2 m by this method. Figure 3͑b͒ shows the distribution of voids using the same method in assigning spherical forms to each recorded. The inset in the top right shows the voids as black dots in the microstructure. The average void diameter is ϳ300 nm by this method. Table I shows other relevant macroscopic material properties for AD995, including measured bulk parameters. The ambient values for wave-speed measurements and of calculated elastic constants are also shown along with measured shock parameters.
III. EXPERIMENTAL
This work will show results from three particular classes of experiment and analysis. The first are gauged targets to make continuum measurements of longitudinal and lateral stress histories within the materials. For these experiments, shots were performed using a 50 mm bore, 5 m long single stage gas gun.
35 60ϫ 60ϫ 8 mm 3 plates of AD995 alumina were sectioned and manganin stress gauges ͑MicroMeasure-ments J2M-SS-580SF-025͒ were introduced such that they were sensitive to the lateral component of stress. The targets were reassembled using a low viscosity epoxy adhesive and held in a special jig for a minimum of 12 h. The gauges were 2 mm from the impact face. Voltage data from the gauges were converted to stress using the methods of Rosenberg and Partom with a modified analysis. 36, 37 Afterward, the impact surfaces were lapped to a flatness of five optical fringes over 50 mm. Further details of the experiments are described elsewhere. 38 Acoustic properties were measured using quartz transducers operating at 5 MHz with a Panametrics 5077 PR pulse receiver. These are summarized in Table I . To probe microstructural development under load, a softrecovery technique was used to induce a stress state in the elastic regime and above the known HEL of the material. The technique was developed in the previous work for determining dislocation interaction mechanisms in metals by shocking, unloading, decelerating, and catching part of the target for subsequent examination. 39 This proceeds by using a system of partial momentum traps around the sample. This technique has been refined to recover brittle targets that, in three-dimensional loading, would fail into a series of fragments. The design of the fixture and the expected loading within the target were determined by axisymmetric, numerical modeling using an Eulerian hydrocode with models that describe the copper surround and the central alumina samples. The experiment was designed to deliver a 1 s pulse. The target was accurately constructed, and the experiments were conducted at varying stress levels. Slight imperfections in the construction of targets were found to lead to release effects giving rise to fracture at the corners of the targets and planar cracks parallel to the impact surface. This emphasized the necessity for very precise target construction. However, the modeling and observations on the recovered samples indicate that the central parts of the samples are well protected from lateral release and are loaded in one dimen- sion. All the specimens used for microstructural characterization were carefully sectioned from the central parts of the recovered specimens.
The recovered disks could be examined nondestructively using x-ray computed tomography ͑XCT͒ and sectioned to perform optical and electron microscopies. Each half-disk sample was initially left seated in the half of a metal containing cup to avoid causing more damage in removing it. The sample was scanned parallel to its faces, making the crosssectional image plane perpendicular to the through thickness direction. Each slice was reconstructed to a 1024ϫ 1024 image matrix collecting 3600 views ͑i.e., projections͒ during the full rotation and with about 60 slices required to completely scan each sample. The tube energy and current used were 160 keV and 0.035 mA, respectively, and the focal spot was 20 m.
The deformation and failure mechanisms were investigated using SEM and transmission electron microscopy ͑TEM͒. Two samples subjected to shock-induced stresses of 6.0 and 7.8 GPa ͑below and above its HEL of 6.7 GPa͒ were separately sectioned and imaged. SEM observations suggest a transition in fracture behavior from intergranulardominated fracture ͑at a stress of 6 GPa below the HEL͒ to cleavage-dominated fracture ͑at 7.8 GPa above the HEL͒. Figure 4͑b͒ shows a SEM micrograph taken from the 6 GPa sample. The fracture surface corresponds to individual grains with smooth facets, suggesting that the failure is along the grain boundaries. Fragments with a size of about 3 mm in diameter, taken from the crack-free regions in the recovered 6 GPa sample, were mechanically ground to about 100 m in thickness, dimpled to view a very small center hole, and finally thinned to electron transparency with ion milling at liquid nitrogen temperature for 30 min.
The calculations were performed using the multimaterial Eulerian hydrocode EDEN ͑FGE Ltd. 40 ͒. The equations and algorithms commonly used in hydrocodes are described in a review by Benson. 41 Eulerian hydrodynamics concentrates on the bulk properties and captures reflection and transmission at boundaries. The equations of state and constitutive models for the materials present in the experiment are equally important and can be a study in their own right.
However, this paper aims to capture the essential features of material behavior using the simplest material descriptions for each phase. Thus, Murnaghan equations of state and elasticperfectly plastic, isotropic constitutive models are used, although it is realized that these descriptions are simplistic. The model is two dimensional and several initial studies were conducted, in which the mesh resolution was checked to ensure convergence. Since the microstructure was random, it is argued that it is not an issue that two-dimensional simulations were used to capture continuum behavior. Twodimensional grains are also representations of columnar grains and interaction between these and other microstructural entities can be stronger in these conditions. Further, in three dimensions, there is an extra degree of freedom. In this work, only unaxial compression is considered and it is assumed that these effects are small. Results suggest this to be the case. Figure 4 shows materials' analysis from the recovered targets. Figure 4͑a͒ shows a section through a computer model of the momentum-trapped recovery fixture to the left and an optical photograph of a stained section through a recovered target to the right. The scale for the recovered target to the right of Fig. 4͑a͒ and the XCT in Fig. 4͑d͒ is shown in the latter. Figures 4͑b͒ and 4͑c͒ show SEM and TEM for targets shocked to 6.0 GPa, Figs. 4͑e͒ and 4͑f͒ show SEM and TEM for targets shocked to 7.8 GPa, and, finally, Fig. 4͑d͒ shows XCT of the recovered target at 6.0 GPa showing cracks ͑in white͒ through the bulk.
IV. RESULTS
The recovery fixture described above allows the trapping of the shocked and released target. In the example shown in Fig. 4͑a͒ , the target is shocked to a stress below but close to the HEL of the material. The target is recovered intact and stained for optical examination of the cracks. At stress levels above the HEL, a similar fracture pattern is observed at this scale but the density of cracks is somewhat increased. 39 The simulation from Ref. 39 to the left shows a snapshot of the shocked central target region of the recovery fixture with pressure shading presented as gray levels. The darkest level represents the highest stress ͑see paper for details 39 ͒. It will be seen that the effect of the materials in the target design results in a slight curvature in a two-dimensional loading at the edges of the sample, which is observed in the fracture pattern to the right. The global fracture pattern is remotely imaged and shown in the image of Fig. 4͑d͒ . The linear fractures in the plane of the impact may be seen with a curved feature corresponding to the mismatched regions mentioned above. There is a background population of smaller cracks across the entire central region that is investigated further below.
Details of fracture at the mesoscale may be seen in the pair of images Figs. 4͑b͒ and 4͑e͒, shocked to 6.0 and 7.8 GPa, respectively. At 6 GPa, there is some intergranular fracture observed. Cracks propagate down grain boundaries nucleated from voids within the microstructure. At 7.8 GPa, the grains have been crossed by transgranular fracture lead- ing to smaller particles for observation. The images are presented at the same scale to illustrate these features.
Figures 4͑c͒ and 4͑f͒ show TEM images of dislocation features within the microstructure. At 6.0 GPa ͓Fig. 4͑c͔͒, the details of the microstructure within and around grains are limited to the observation of dislocations at boundaries such as those shown here. These are few in number and assumed to lie in the basal and prismatic directions. At 7.8 GPa ͓Fig. 4͑f͔͒, there is twinning observed within some of the grains as seen in the TEM image reproduced here. It appears that crossing the HEL threshold corresponds primarily to the appearance of these twins within the crystals. Further detailed analysis would be necessary to determine the type of twins observed in Ref. 42 . In the work presented here, the observation that plastic deformation occurs above the HEL is all that is assumed for later analysis. Figure 5 shows lateral stress histories for embedded gauges at 2 mm into AD995 targets. The histories were recorded during impact from Al6082-T6 and copper flyer plates traveling at 402 and 590 m s −1 in the case of aluminium alloy and at 467, 550, and 962 m s −1 in the case of copper. The lateral stress at the HEL of the material may be calculated using the elastic relation
where is Poisson's ratio tabulated above. The longitudinal stress at the HEL ͑6.71 GPa͒ corresponds to a lateral value of 2.01 GPa. This is indicated as a horizontal, dotted line in the figure. The two lower stresses show behavior different to that seen above the HEL. The stress rises to an initial value consistent with the expected lateral stress calculated through the known longitudinal response and relation ͑2͒. There is then a second rise across a front traveling behind the initial shock. This delayed failure will be discussed below. Above the HEL, a similar pattern is observed. In this stress range, the delayed failure front is finally driven into the shock at the highest value recorded in these experiments. This behavior is similar to that observed in glasses. 43 The behaviors, above and below the HEL, are qualitatively similar but have distinct features in terms of the final strength achieved. The failure wave velocity, in particular, appears to decrease as stress increases and this occurs as the quoted HEL is crossed. In these stresses below 6.7 GPa, bulk plastic waves do not occur but locally, stress concentrations in regions with adequate confinement may start the plasticity and suppress fracture from propagating. Thus, the apparent showing of the failure front is due to the increased dominance of plasticity with increasing stress. Figure 6 shows the analyzed data of Fig. 5 , converted from values of longitudinal and lateral stress to shear stress using the relation for isotropic materials,
The value is calculated for the initial value of stress recorded by the sensor before the failure wave arrives and before ͑in some cases͒ the value decreases and the material strengthens. It is further assessed at the peak value of the second rise in the lateral stress corresponding to the failure wave in the ceramic. Thus, two values are assigned to each longitudinal stress: the strength ahead of and behind the failure front. Further, in the elastic regime where Eq. ͑2͒ holds, the shear stress can be related to the longitudinal stress, thus
This linear relation is presented as the solid line in the figure.
Poisson's ratio is calculated from the longitudinal and shear wave speeds. Substitution of the measured value for the HEL into Eq. ͑4͒ gives a value for the strength at yield, which is also plotted in Fig. 6 . Failure does occur in the elastic region and strengths below the expected elastic value are measured here. Above the HEL, the strength ahead of the failure front lies on the elastic line, but that behind the failure front lies below it. One may see from pulse the material strength has dropped from its upper to its lower boundary. The failure front is of course approaching the shock more and more rapidly as stress increases. By ϳ15 GPa, the material fails within the shock front directly onto the inelastic curve. The process by which strength reduces over time is indicated directly for the 18 GPa pulse where in the shock the material exhibits a strength indicated by the open diamond, which drops at a constant rate at the end of the pulse to that indicated by the open triangle.
V. DISCUSSION
The work presented here, and the body of literature amassed over the past thirty years, suggests a coherent picture of material response in polycrystalline alumina at stresses around the HEL. At impact stress values less than this threshold, the microstructure shows clear evidence of failure along grain boundaries. There is some evidence of dislocation activity in regions near here, and in other work this has been observed within alumina grains, but in the latter case this was evident in the unloaded, virgin microstructure. 34 Thus, it is believed that dislocation activity is most likely due to manufacturing and processing and represents residual features from production. The intergranular fracture, however, is formed during the shock rise and high pressure phase of the loading.
At impact stresses above the HEL, the sapphire grains show twinning. The complex unit cell favors this as the preferred plasticity mechanism since only the basal slip is favored at lower pressures. Fracture is also observed and follows twin boundaries in the activated grains. Clearly, not all grains are activated at the HEL itself. The alumina unit cell is anisotropic, and HEL values from 12 to 22 GPa have been recorded down different directions in single crystals. 32, 33 Thus, the HEL represents the onset of plasticity in suitable oriented grains. AD995 is an assemblage of such crystals and thus, at higher applied stresses, more within the inhomogeneous field at the mesoscale twin. At the highest value, all of them have deformed.
This picture sees the response of the alumina as having three regimes: An elastic, a mixed response, and a regime in which the continuum applied stress has exceeded yield stress in grains of all orientations at the mesoscale and where the grain boundaries have failed. The combination of recovery and continuum state measurements presented above confirms this picture. These regimes have thresholds separating one from another, which will be termed the lower and upper HEL values ͑HEL L and HEL U ͒ in what follows. In the mixed response region, in which the flow has some grains behaving elastically and some grains behaving plastically, it has been shown that the relation between shock and particle velocities becomes nonlinear. 44 This results from the differing wave speeds and Poisson's ratio in the assembly of grains. It is thus instructive to observe the pressure field in which grains are positioned to derive a picture of deformation at the mesoscale. Figure 7 shows details of shock propagation through the AD995 microstructure viewed at the mesoscale. The microstructural cell of Fig. 1 is stacked randomly to create a rep- resentative microstructure. The shock travels through a threephase mixture of materials: alumina grains, an intergranular glass phase and porosity at grain triple points, or within individual grains. Each phase has particular parameter inputs to an elastic-perfectly plastic strength model with a Murgnahan equation of state. The parameters used are given in Ref. 45 . The methodology for creating such simulations and validating results at the continuum has been presented elsewhere. 26, 45, 46 The impact corresponds to a shock of pressure amplitude ϳ20 GPa. This corresponds to a stress just above the HEL down the strongest direction in the crystal ͑22 GPa͒. The microstructural cell ͓Fig. 1͑b͔͒ shows a series of voids interspersed within the sampled field. These are seen in the figure in green and blue behind the shock front and at these values of stress do not close during the period of the simulation.
The key response relates to the inhomogeneous conditions behind the front, which is not flat at this scale. Neither is the following flow one dimensional. The pressure ͑and stress͒ varies over a range, even in the high pressure region behind the shock. Some grains are behaving elastically while others are plastic. Further, voids are not closed and there is a brittle, intergranular region in which cracks can propagate from these flaws. Finally, it has been shown that intragranular fracture occurs above the HEL along twin boundaries and so, as one approaches the global stress at which all grains are twinned, a point is reached at which fast grain fracture can occur. This corresponds to the threshold at which boundaryinduced cracking ͑failure fronts͒ can be driven into the shock. This upper stress value at which the response is fully plastic is the HEL U defined previously.
Such behavior explains other continuum measurements. The HEL ͑HEL L ͒ has been shown to decay with distance into the target by us and by other authors. 7 The mechanisms within the shock front by which the material deforms relate to twin formation and inter-and intragranular fractures. While twinning is rapid, the second process is limited by the speed of crack propagation at pressure. One makes two observations that result from the kinetics of these processes. Firstly, the precursor amplitude decays with distance into the target. 7 Secondly, the shock itself takes time to form to a plastic front and this is observed as a convex profile for the stress or particle velocity in polycrystalline ceramics. The convex nature must mirror a similar form in the detail of the Hugoniot in the stress region between HEL L and HEL U . Figure 8 shows the continuum result of the mesoscale simulation seen in detail in Fig. 7 . The microstructural cell is stacked randomly and the wave is allowed to run distances comparable to the continuum, in this case 4 mm as in Ref. 45 . A series of ten station points is used to record pressure histories, which are then averaged to mimic the response of a finite sized sensor. The result shows a behavior reproduced in experimental measurements. The wave rises rapidly to a value of pressure at ϳ4 GPa. This may be compared to the measured stress HEL L recovered using Poisson's ratio ,
͑5͒
The pressure recovered by this means from experiment is 3.6 GPa and this is displayed on the figure as the dotted line. The match is thus good given that only microstructure and component properties have been input to the simulation. A further feature of the history is the convex rise of the pulse from the initial break in slope up to a pressure of ϳ9 GPa. The greatest value of stress required to plastically deform sapphire down the c direction is 22 GPa. The freedom given to grains in the vicinity of pore space in this open microstructure allows them to deform in uniaxial stress in the limiting case. Whereas the difference between longitudinal and lateral stress components equals the yield stress in onedimensional strain, it is merely the yield stress itself in a one-dimensional stress state. Thus, the yield stress can be related to the stress at the HEL through Eq. ͑3͒ giving HEL U as 12.5 GPa given Poisson's ratio for sapphire of 0.3. This reduces to a pressure of 7.8 GPa using Eq. ͑5͒, which is close to the dotted line marking the end of the convex region in the pressure history. Further, when release interactions produce spall in a region in the center of the target, the strength observed decreases above HEL L to zero at value of ϳ1.3 HEL L for a series of high-density aluminas. 47, 48 In the present context, one may see this as the seeding of the microstructure with an increased number of flaws to initiate damage, with this number increasing with the applied shock amplitude. Further, it has been noted that the spall strength increased for lower pulse lengths where cracks could be driven shorter distances from nucleation sites before releases arrived. 47 In the case of AD995, the spall strength is observed to be zero before all grains have been twinned, indicating that that it is not necessary to fail all the components to fail the continuum since isolated cracks have multiple potential paths which they may interconnect. Finally, one notes that surface features, such as cuts or roughened profiles, give three-dimensional ͑3D͒ strain fields around flaws allowing damage to propagate more easily. In order to study lateral stress, one introduces an idealized perpendicular plane of thickness of 100 m and filled with epoxy in which to mount the sensor. This allows the necessary lateral strain to allow intergranular failure to propagate from the impact face into the target. 26 These fractures encounter many features within the microstructure such as voids that might arrest the front. Further, it propagates from a line source on the impact face. Finally, the slip processes themselves within activated grains will defeat the crack propagation. Thus, the front will arrest in a material as has been observed.
This surface activated, intergranular fracture will add ͑above HEL L ͒ to intragranular cleavage to produce different failure wave speeds to those seen below this threshold. This is because there is no possibility of intragranular fracture in this regime. This can be seen in the histories presented in Fig. 5 . Thus, the failure wave may be observed if suitable flaws are activated and, since the phenomenon requires fracture, the crack tip can reach a critical strain to allow failure in the material. Equally, it may be prevented by minimizing lateral displacement and controlling localized release at the mesoscale. Thus, symmetrical loading with alumina flyer plates or application of cover plates of alumina on the surface of sectioned targets has been shown to stop the process from initiating.
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VI. CONCLUSIONS
This work has brought together a series of recent experiments on AD995 alumina to provide a more complete picture of its transition from elastic to inelastic response with applied load. The insight is brought from a combination of techniques including continuum sensors, one-dimensional recovery, and microstructural investigation of shocked material. Analysis is completed using continuum failure criteria and numerical mesoscale simulation. The whole completes a picture of response that has been validated against experiment and then adopted to explain apparently contradictory observations in continuum response.
The response of alumina to one-dimensional loading has been classified into three regimes: Elastic, mixed, and inelastic response. The thresholds between these regimes define features of the observed one-dimensional stress and particle velocity histories seen in a range of aluminas. The lower threshold, commonly referred to as the HEL ͑HEL L ͒, relates to the onset of twinning in suitably oriented sapphire grains. The upper threshold ͑HEL U ͒ relates to the completion of this process across all grains in the sample volume. However, it is the extra modes of fracture that occur at these thresholds that determine response, triggered as they are by plasticity in the grains under the applied load. Earlier in the paper, it was noted that the sapphire crystal can activate slip on the basal plane more easily than other systems. Graham and Brooks saw that the Hugoniot elastic limit varies by a factor of 2 in loading down different directions. 33 Others have talked of ductile and brittle yield surfaces that move relative to one another according to the loading mode. 50 The picture painted here sees the two as more intimately linked with one providing the means by which the other can propagate.
Once plastic deformation starts to occur in the composite, cracks must nucleate to accommodate the strains induced. The fracture has two regimes of influence: Between the grains over all stress levels with gradual increase from within the elastic regime and beyond the HEL, across them down the twins. It is the intragranular fracture within the twinned grains that induces a step change in the volume of flaws within the microstructure. This process reduces tensile strength and alters failure wave speeds through the composite that remains.
This picture shows the failure wave to be a limiting case of the fracture that occurs within the bulk, driven down intergranular paths in the elastic regime, and then into the partially failed material above HEL L . Eventually, the amplitude of the impulse is sufficient to drive the fracture front at the shock velocity. Thus, the failure wave is a transient feature of response observed within a stress range, which allows a quantitative measurement of the initial strength of the failed material in a controlled geometry. Whereas this measurement may seem a special feature of the one-dimensional strain response, it provides a quantitative measure of the initial state of material strength for fully three-dimensional impact. Thus, the technique has importance for the calibration of models used in defining the performance of a ceramic to ballistic impact. 16 This behavior has been described for the case of the widely studied alumina AD995, but similar features are common to many other polycrystalline materials. Further work will describe this response and the consequences for the use of these materials in multiaxial loading scenarios. 
